We study the muonic nuclear-polarization corrections, which provide level shifts due to the two-photon exchange process between a bound muon and a nucleus. We choose 16 O as a nucleus for the demonstration of the amount and the property of the nuclear polarization in the muonic atoms. The nuclear states of 16 O are constructed in the random-phase approximation including the negative-energy states based on the relativistic mean field model. The spatial components of the transition current have large couplings between positive-and negative-energy states. As a result, the contribution from the negative-energy states of nucleus to the nuclearpolarization correction is found to be significant and also essential to achieve gauge invariance. The nuclearpolarization effect in muonic 16 O is also calculated using the collective model. We find that the nonrelativistic nuclear model with the effective mass provides similar results as the relativistic one.
I. INTRODUCTION
High-precision measurements of the energy levels in muonic atoms and highly charged ions recently available in the relativistic heavy ion collisions have provided a sensitive test of quantum electrodynamics (QED) in strong external electromagnetic fields. (See Refs. [1, 2] and references therein.) In the evaluation of the energy levels of muonic or heavy hydrogenlike atoms precisely, it is also required to take into account the effects that electromagnetic fields of the muon or the electron polarize the nucleus. The level shift due to these effects is traditionally called "nuclear polarization" (NP), and the study of the NP contribution to the energy shift of atomic levels is important as a background effect against the QED corrections in ordinary atoms, while it is one of the main corrections in muonic atoms.
The calculations of the NP correction, which take into account the retarded transverse part as well as the longitudinal part of photon propagator, were recently presented in electronic and muonic 208 Pb with the nonrelativistic randomphase approximation (RPA) [3, 4] . The NP corrections in 208 Pb and 238 U were also calculated with the nuclear collective model [5] . In these studies, the ladder, cross, and seagull diagrams in the two-photon exchange process were considered as the lowest-order NP correction. The common features of the results of these analyses show that, without the inclusion of the seagull diagrams, there exists a large violation of the gauge invariance in the NP results.
The seagull diagram comes from the minimal prescription of the electromagnetic coupling for the nonrelativistic Hamiltonian of nucleon [6, 7] , in which the antinucleon degree of freedom is eliminated. The NP calculation in the relativistic field theoretical nuclear model, therefore, is interesting in the viewpoint that the negative-energy states of nucleus contribute instead of the seagull diagram. The fact that the seagull diagram has a significant role to obtain the gauge-invariant NP correction suggests that the effect of the negative-energy states plays an important role in the NP calculation in a relativistic model of nuclei.
Phenomenological relativistic field theories based on hadrons, referred to as quantum hadrodynamics (QHD) [8] , have been successful in describing the bulk and single-particle properties of nuclei in the mean field approximation. When the energy functional of the mean field theory (MFT) is fitted to nuclear saturation, they automatically produce an appropriate order of the spin-orbit splitting of nuclei, the spin observables of the proton-nucleus scattering, and energy dependence of the proton-nucleus optical potential. Nuclear excitations also have been investigated by QHD using the relativistic random-phase approximation (RRPA) with the MFT basis [9] [10] [11] [12] . In the previous calculations in Refs. [9, 13, 14] , where the spectral method is used to solve the RRPA equation, the configuration space is restricted to ordinary particle-hole pairs. This seems a reasonable approximation at first sight, since the excitation of the negative-energy states in the Dirac sea to the positive-energy states has an unperturbed energy more than 1.2 GeV. Due to the huge binding of the negative-energy states in the QHD model, however, it was found that the negative-energy states are needed in RRPA to preserve current conservation for the transition currents, to decouple the spurious translational states, and to reproduce the excitation energies and transition form factors obtained by the nonspectral RRPA in which the negative-energy contribution is included automatically [15] [16] [17] [18] .
In the present paper, we take the RRPA + MFT method of QHD to generate the nuclear intermediate states for the NP calculation. The essential features of the phenomenological QHD model are that nucleon scalar and vector self-energies are very large, and cancel each other to provide the usual binding energy in the nucleon sector. This means that there is a very strong attractive self-energy in the antinucleon sector leading to large binding of antinucleon. Since the negativeenergy contribution is expected to play essential role in the NP calculation, the NP calculation with QHD may confirm or rule out this very large binding through its sensitivity to the contribution from the negative-energy states.
For this purpose, the NP calculation for heavy muonic atoms and heavy hydrogenlike ions is certainly more suitable because the antinucleon effects are expected to be large [3, 4] . Unfortunately, the necessity of negative-energy states in the relativistic calculation means that the RRPA equation must be solved under the huge configuration space for heavy nuclei. Therefore, for the purpose of demonstrating the antinucleon effect to the NP correction, we calculate the NP correction for 1s 1/2 state in muonic 16 O for which the configuration space is not so large, while enough number of negative-energy states are obtained. A large overlap of the muon wave function with the nucleus enables us to perform precise numerical calculations in comparison with the electronic NP calculations.
This paper is organized as follows. In Sec. II A, we first give general formulas needed for the evaluation of the NP correction and then explain the present RRPA calculation in Sec. II B. In Sec. II C, the effective single-particle operator used in the calculation of the transition form factors is explained with respect to the charge conservation and gauge invariance. The details of the present spectral RRPA + MFT calculation is explained and numerical accuracy of the NP results is discussed in Sec. II D. In Sec. III, we present the result of the NP correction in muonic 16 O and discuss the role of gauge invariance, the reason of large contribution from the antinucleon states, and the difference from nonrelativistic calculation. In Sec. IV, we give summary of the present analysis.
II. RELATIVISTIC NUCLEAR-POLARIZATION CORRECTION

A. Formalism for nuclear-polarization correction
The interaction between the muon and the nucleus is described by the interaction-Hamiltonian density
where ĵ M ͑ĵ N ͒ is the muonic ͑nuclear͒ current operator and Â is the electromagnetic field operator. Following the S-matrix theory ͓19,20͔, the lowest-order NP correction for the interaction-Hamiltonian density of Eq. ͑1͒ in the natural unit with ប = c = 1 and e 2 =4␣ is given by ͓21͔
Here M is the muon wave function, S F M is the external-field muon propagator, D is the photon propagator, and ⌸ N is the nuclear-polarization tensor which contains all information of nuclear dynamics. Using the spectral representation of the Feynman propagator, the muonic parts of Eq. ͑2͒ is written as
where M = E i Ј − E i is the excitation energy of the muon, and
is the transition current density of the muon. The suffixes i and iЈ stand for the initial and intermediate states of the muon, respectively. The nuclear-polarization part ⌸ N ͑x 3 , x 4 ͒ in RRPA is written as
͑5͒
where J N ͑x͒ II Ј is the transition current density calculated with the RRPA and N = E I Ј − E I is excitation energy of the nucleus. The suffixes I and IЈ stand for the initial and intermediate states of the nucleus, respectively. It should be noted that, in Eq. ͑5͒, the positions of poles depend on the sign of the excitation energy since the excited states IЈ include the negative-energy eigenstates which correspond to Pauli blocking of the vacuum polarization.
After substituting Eqs. (3) and (5) into Eq. (2), and performing the integral over all time variables, we transfer the expressions for the nuclear-polarization energies to the momentum space. For the NP energy shifts due to the ladder and cross diagrams depicted in Fig. 1 , we obtain 
and
respectively. The total NP correction is given by the sum ⌬E NP L + ⌬E NP X . We evaluate the NP correction both in the Feynman and Coulomb gauges for the photon propagator. In Eqs. (6) and (7), integrations can be carried out analytically for photon propagators in both gauges, taking the singularities of Eqs. (3) and (5) into account properly in the contour integration. After the integration over , the formulas for the Feynman and Coulomb gauges can be obtained as explained in Ref. [3] . Then, angular integral over q and qЈ in Eqs. (6) and (7) can be carried out after multipole expansion of the muonic and nuclear form factors. Hence, only q and qЈ remain to be integrated numerically. The nuclear-polarization correction is thus given by the sum of these double integrals over the nuclear and muon intermediate states.
B. Relativistic random-phase approximation
In QHD, the nucleus is described as a system of Dirac nucleons which interact in a relativistic covariant manner through the exchange of virtual mesons and photons [8] . We employ the following Lagrangian density in the present calculation:
This Lagrangian density is based on the nonlinear -model with meson and the photon field A added. While meson is required to describe the isospin T = 1 states, there is no contribution from meson in the MFT calculation of 16 O. In Eq. ͑8͒, Q = ͑1+ 3 ͒ / 2 projects proton and p = 1.7928 and n = −1.9131. Assuming that the nuclear ground state is spherically symmetric, the MFT basis is constructed from eigenfunctions of the following Dirac equation:
in which there are solutions for the negative energies in Dirac sea as well as the ordinary positive energies. The continuum states are discretized by "putting the system in a box" and thus we express the MFT Green function in terms of the basis N␣ via a spectral expansion. The RRPA polarization insertion is represented by polarization insertion constructed from the MFT Green function and two-body interaction between the nucleons. Following the RRPA prescription for discrete states described in Ref. [15] , RRPA matrix equation is given as
where,
The indices ␣ and label the particle space, while the indices ␤ and label the hole space. Here, the hole labels ␤ and are restricted to positive-energy occupied levels. On the other hand, the particle labels ␣ and indicate entire MFT spectrum, including the negative-energy levels which take care of the Pauli blocking of the response of vacuum. The forward and backward amplitudes of particle-hole pairs are denoted by X and Y, respectively. In the RRPA kernel, ␣␤ is the difference between ␣ and ␤ which are the eigenvalues of the Dirac equation ͑9͒, and
where
is used as a two-body interaction. Here, D , D , D , and D A denote , , mesons, and photon propagators, respectively. The propagator of meson is modified from Yukawa form due to the nonlinear term. In this calculation, we employ the uncharged -meson interaction in order to describe the isospin T = 1 states. For simplicity, residual mesons, i.e., pion, charged meson, and so on, are not considered.
In these equations, N is the energy difference between the RRPA excited state and the ground state. The dependence of N may be usually ignored in the calculation for the lowlying states with the excitation energy much smaller than the meson masses [16] . The RRPA negative-energy states that we take into account, however, involve the states generated from the Dirac sea, hence the excitation energies are larger than the meson masses. Therefore, it may not be justified to set N = 0 neglecting the retardation. However, if we retain the retardation in the RRPA interaction in Eqs. (11) and (12), the proof of the current conservation and the gauge invariance no longer hold because the nuclear intermediate states do not have a completeness relation any longer [3] . Then, the NP corrections calculated by RRPA do not satisfy gauge invariance. In the present calculation, we regard the effect of the retardation as a higher-order correction studied in a future work and ignore it. The parameter sets we have chosen in the present calculation are given in Table I . The linear version of the relativistic mean field Lagrangian called HS [22] is used while the nonlinear version called NL-SH [23] is used out of various nonlinear versions as NL3 [24] and TM1 [25] .
C. Transition current densities
To calculate the transition current densities of the nucleus, the following electromagnetic current operators are usually used with the relativistic Hartree wave functions:
where the second term is the anomalous current operator. The charge and three-vector current operators, ˆN and ĵ N , are given by
respectively. To obtain the gauge-invariant result in the two-photon exchange process without the seagull contribution, it is required that the commutation relation between the charge and current operators vanishes. However, it is easy to see that the charge-current operators of Eqs. (16) and (17) do not commute. We shall eliminate the second term in Eq. (16) and the third term in Eq. (17), which cause the noncommutation between charge and current operators. (More detailed argument for this prescription is given in the Appendix.) Thus, we use the following operators in the calculation of the NP correction:
The multipole form factors are defined by the Fourier transform of transition current densities as ͗IЈʈM ͑q͒ʈI͘ = ͵dxj ͑qx͒͗IЈʈY ͑⍀ x ͒ N ͑x͒ʈI͘, ͑20͒ 
where j ͑qx͒ is a spherical Bessel function. Y L is a vector spherical harmonics and is the multipolarity of transition. If RRPA equation is solved without truncation of basis, it is known that transition charge and current densities satisfy the charge conservation relation ͓15,16͔
As shown in the following section, the electromagnetic RRPA transition current is sufficiently conserved with the present calculation.
D. Numerical detail
We shall explain here the main aspects of solving the RRPA equation. The RRPA equation can be solved using either "spectral" or "nonspectral" methods. The completeness of the basis is conveniently treated by the nonspectral method where negative-energy contribution is included automatically [15, 16] . However, NP calculation involves the integral over the loop variables , and this can be performed analytically only in the spectral method. Thus there is some trade-off between the integration over the nuclear intermediate states and the loop integrations. Moreover, we are not certain whether the singularity structure in the complex energy plane which is crucial in the loop integral is properly treated by the nonspectral method used in the above references.
Therefore we have employed the spectral method to solve the RRPA equation. First, Eq. (10) is written for each angular momentum and isospin. In the nonrelativistic case, then, it can be reduced to a Hermitian eigenvalue problem of half dimension [26] . In the relativistic case, however, the RRPA equation can no longer be reduced to a Hermitian problem of half dimension, because the sum or difference of partial matrices of Eq. (10), ͑A ± B͒, is not positive definite due to the negative-energy state in the MFT basis. As a result, we have to solve the RRPA eigenvalues and eigenvectors by computing the left and right eigenvectors of ͑A + B͒͑A − B͒.
In heavy nuclei, the necessity of negative-energy states means that the RRPA equation must be solved under the huge configuration space. Therefore, for the purpose of seeing the effect of antinucleon states to the NP correction, we choose 16 O for which configuration space is not so large, while enough number of antinucleon states are obtained. We calculate the NP correction for 1s 1/2 muon state since the NP effect for electronic O 16 is much smaller. The MFT basis functions in the RRPA calculation are obtained by solving the single-particle Dirac equation (9) , using the method of discretization for the continuum states, as shown in Ref. [16] . For the calculation of excitation states of 16 O used in the NP calculation, we have included the positive-energy states up to 250 MeV and practically all of the negative-energy bound states. There are a large number of bound states in the negative-energy spectrum because the scalar and vector potentials add in the effective negativeenergy potential.
The resulting RRPA equation has the eigenstates with the negative energy, which we shall hereafter refer to as the antinucleon states in order to distinguish them from the negative-energy states of the MFT basis. The contribution from these states represents the blocking effect of the nucleon-antinucleon creation due to the states occupied by the spectator nucleon. The longitudinal and transverse form factors for the 1 − state with the transition energy of −1076 MeVare shown in Fig. 2(a) . The transverse form factor is an order of magnitude larger than that of the positiveenergy 1 − state shown in Fig. 2(b) . It is also seen that the form factors of antinucleon states have a peak in a very lower momentum than the corresponding transition energy, because the states are bound strongly. Thus, the form factors of the vacuum polarized states overlap with the muonic form factors and give the non-negligible contribution in the NP correction.
The violation of charge-current conservation in the transition densities, defined by the difference between the lefthand and right-hand sides of Eq. (22) (hereafter referred to as ⌬ ), is very small with a large configuration space showing that our truncation is reasonable. Figure 3 negative-energy states included, and confirmed the importance of the negative-energy states for a correct description of the transition currents as pointed out in Ref. [16] .
In electronic atoms with the much larger size of the electronic orbits, it is well known that the NP energy shifts induced by the Coulomb interaction are approximately in proportion to the reduced electric transition probabilities [21] . Hence, it is useful for the discussion of the muonic NP correction in light nuclei to present the energy-weighted sum of the reduced matrix element B͑E͒ calculated by the relativistic nuclear model. The result for 16 O is shown in Table II , where we take the summation over only the positive-energy states in the RRPA excitation. Both in HS and NL-SH, the present results are somewhat larger than the classical energyweighted sum rule (EWSR) values of Ref. [27] in any multipole states. The reason has been presumed as due to the effective mass m N * in Ref. [15] . Certainly, our EWSR agrees better with the classical EWSR value when the effective mass is used as shown in the fourth column of Table II. In addition, this role of the effective mass explains the result that EWSR values in HS become larger than those in NL-SH; HS provides smaller effective mass as compared to NL-SH in the nuclear matter calculation.
In passing, we mention that since the charge operator of Eq. (18) commutes with the single-particle Hamiltonian of nucleus, the EWSR value vanishes in the present calculation if the vacuum polarized states with negative energies are also taken into account in the sum. The result is that the RRPA states satisfy a completeness relation by including the antinucleon states.
III. RESULTS AND DISCUSSION
We calculate the nuclear-polarization correction here by computing an energy shift due to each multipole of the excitations and summing the results. The 0 + , 1 − , and 2 + nuclear states up to 250 MeV excitations in the positive-energy states and −1870 MeV in the antinucleon states are taken into account in the present calculation. The muonic 1s 1/2 state has been calculated by solving the Dirac equation with the finite Coulomb potential due to the charge distribution of 16 O [3] .
Tables III and IV summarize the NP correction of the 1s 1/2 state for muonic 16 O by parameter sets HS and NL-SH, respectively. In these tables, the first column denotes nuclear spin parities. The + and − in the second column indicate the contributions from the positive-energy states and the antinucleon states of 16 O to the NP correction, while the + and − in the third column indicate the contributions from the positive-and negative-energy states of the muon to the NP correction. The fourth column shows the results in the Feynman gauge, while the fifth column shows the results in the Coulomb gauge. Finally, the last column shows the Coulomb NP correction, which is the result in the Coulomb gauge without the transverse-photon contribution.
From Tables III and IV , we see that the linear and the nonlinear models give the similar result in the NP correction. The slight difference between them comes from the effective mass as mentioned for the EWSR in the preceding section. For both the parameter sets, the NP corrections in the Feynman and Coulomb gauges agree fairly well. The results are gauge invariant for each multipole excitation. This means that the completeness for the intermediate states of the muon and 16 O nucleus is quite satisfactory by present truncation of the configuration space.
It is also found that the antinucleon states contributions are about 8% in the Feynman gauge and 4% in Coulomb gauge of the total NP correction in spite of its large excitation energy more than 1 GeV. An interesting feature of the results is that a violation of gauge invariance occurs due to the different contributions of antinucleon states between gauges, if the antinucleon states are not taken into account; namely, with only the positive-energy states of 16 O, the NP correction for the 1s 1/2 in Table III Table IV , too. This shows that the antinucleon states have an important role for the gauge invariance of the two-photon exchange process involving the nucleus even in this light muonic atoms where the relativistic effects are not so large.
Why the antinucleon states provide a non-negligible effect on the NP correction can be understood as follows. The transverse form factors which connect upper and lower components of Dirac spinors become large in the transition to the negative-energy states due to the inversion between the large and small components of Dirac spinors. Since the form factor to the highly excited states usually has a peak around the momentum corresponding excitation energy, it may be expected that the form factor of antinucleon states with the excitation energy more than 1 GeV cannot overlap with those of the muon, in which the excitation energies are taken into account up to ±250 MeV in the present calculation. For the antinucleon states which are bound strongly, however, this is not the case and the peak of a form factor appears in the considerably low momentum region as shown in Fig.  2(a) . Consequently, large transverse form factors in antinucleon states can overlap enough with form factors of muon and contribute to the NP correction visibly. Comparing the contributions in the fourth and fifth columns and the Coulomb NP contributions in the last columns in Tables III and  IV , one can confirm that almost all of the antinucleon contribution comes from the transverse contributions.
In the NP calculation with the nonrelativistic RPA, there exists a large violation of gauge invariance, when only the ladder and cross diagrams are taken into account. It was then found that the seagull diagram was necessary for the gauge invariance [3, 4] . Therefore, it is interesting to see whether the effect of antinucleon states corresponds to the effect of the seagull diagram in the nonrelativistic nuclear model in the NP correction (see Fig. 4 ). Indeed, these two effects are analogous to each other; namely, the contribution from the antinucleon states to the NP correction mostly comes from the transverse-photon exchange, while the seagull diagram involves only the transverse-photon field.
For quantitative comparison, we have calculated the muonic NP correction for 16 O in the collective model [21, 28] , in which the excitation modes are assumed to be concentrated in a single resonant state for each spin and isospin with excitation energies given by The NP correction in the Coulomb gauge. c The NP correction in the Coulomb gauge without transverse part. 044308-7
In Table V , we show the results with the effective mass generated from MFT and with the ordinary nucleon mass ͑numbers in parenthesis͒. The comparison reveals that for the net NP correction, the results with the effective mass reproduces the relativistic results better as in the case of the EWSR. It may be expected that the EWSR value gives a good prediction for the NP estimate of the light muonic atoms as well as the electronic atoms. The contribution to the NP energy from 1 − state, however, is smaller than that of the RRPA in spite of the result that the EWSR value of nonrelativistic model with effective mass is enhanced over that of the relativistic calculation. This discrepancy may be attributed to the difference between the nuclear excitation energies given by Eq. ͑23͒ and the RRPA calculation. In particular, the NP effects with the collective model are more sensitive to the excitation energy since the excitations have only one collective state for each spin-parity mode.
For the contribution of the seagull diagram, on the other hand, only the charge distribution of the nuclear ground state is required together with the nucleon mass. Therefore, the seagull diagram is mostly independent of the model. The total contributions of seagull diagram with the effective mass are −0.898 eV and −0.473 eV in the Feynman and Coulomb gauges, respectively. Comparing with Table III , in which the contributions of antinucleon states are −0.808 eV in the Feynman gauge, while −0.421 eV in the Coulomb gauge, it is confirmed numerically that the correction due to the seagull diagram with the effective mass agrees with the contribution from the antinucleon states very well.
We have shown that the antinucleon states have an important role in the nuclear-polarization calculation. As discussed above, however, it should not be concluded that the nonrelativistic treatment of nucleus cannot provide reliable estimate of the NP correction since the contribution of the antinucleon states is similar to that of seagull diagram which arises from the nonrelativistic treatment of the nucleus. Hence, as far as the present numerical estimate of the NP energy shifts is concerned, there exists an essential equivalence between the nonrelativistic treatment of NP and the relativistic calculation with RRPA based on QHD in which the energy dependence in Eq. (15) is ignored. As seen in Table V , on the other hand, we have to note that present relativistic results are somewhat enhanced over nonrelativistic one if the usual nucleon mass is used in the nonrelativistic calculation. The effective mass effect in the NP correction may give the explanation of the anomaly in the ⌬p finestructure splitting energies of muonic heavy atoms, in which the nuclear polarization contributes to the muonic levels at a keV [4, 29] .
It is extremely important to carry out a similar analysis for electronic NP correction in heavy atoms, where it is expected that the effect of antinucleon states is more remarkable in order to obtain the gauge-invariant result [3, 28] . The investigation of the antinucleon contribution to the NP corrections in electronic ground and excited states as well as muonic states may provide an evidence of the strong attractive selfenergy of antinucleon in the nucleus.
IV. SUMMARY
We have evaluated the NP correction to the 1s 1/2 state of muonic 16 O using the RRPA on the MFT basis and obtained the similar results between the linear and the nonlinear nuclear models. By relativistic treatment, the antinucleon states, as well as the antimuon states, both of which represent the blocking effect of the response of vacuum, appear in the intermediate states and contribute to the NP correction. The transverse form factor of the bound antinucleon state has a large overlap with that of muon. Therefore, the contribution of antinucleon states is non-negligible in the NP correction though the energy denominators are considerably large. Even in the NP correction for the light muonic atom as 16 O, there is a 4 -8% effect of antinucleon states and it is essential for gauge invariance.
For muonic 16 O, we could obtain the result that the correction due to the seagull diagram and the contribution from the antinucleon states agree fairly well. Consequently, the relativistic QHD gives similar results with the nonrelativistic results by taking into account the effective mass. However, it remains to be studied for heavy muonic and electronic atoms, for which the NP effects can be measured experimentally. The NP effects in these atoms may depend rather sensitively on the details of the relativistic nuclear models. The quantitative estimate of NP effects with the QHD-type models may provide information on the strong binding of the antinucleon.
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APPENDIX: GAUGE INVARIANCE IN THE NUCLEAR POLARIZATION
In the nuclear-polarization tensor defined by
we assume the completeness of the nuclear intermediate states and the charge-current conservation in the transition densities. Then, multiplying Eq. ͑A1͒ by q , one obtains
It is well known that Eq. ͑A2͒ must vanish if the gauge invariance is satisfied in the sum of the ladder and cross Table III except for the nonrelativistic (collective) model is employed in the NP calculation. The seagull diagram contributes to the NP correction (denoted by SG in second column) instead of the contribution from antinucleon states. The effective mass from the MFT calculation with HS is taken into account in the NP calculation. In the parenthesis, the result with ordinary mass of nucleon is also shown for comparison. 
͑A3͒
used in the present paper, the commutation relation in Eq. (A2) vanishes and hence, the relation leading to the gauge invariance q ⌸ N ͑ , q , qЈ͒ = 0 follows. The charge-current operators indicated in Eqs. (16) and (17) , on the other hand, do not commute due to the second term of the right-hand side in Eq. (16) . Therefore this contribution results in gauge dependence when the ladder and cross diagrams only are considered. The gauge invariance with the charge-current operators of Eqs. (16) and (17) is achieved if the seagull contribution is also included. To see this, consider the reduction formula for the polarization propagator of virtual photon [30] : 
͑A4͒
The last term of the right-hand side usually vanishes. In fact, adding the gauge fixing term and using the indefinite metric quantization of the electromagnetic field, the canonical electromagnetic field A commutes with the electromagnetic current of Eqs. ͑16͒ and ͑17͒ too. The second term of the righthand side is the so-called seagull contribution 
͑A6͒
It can be easily seen that the four-divergence of this seagull term cancels the nonvanishing term of the ͓ ͑x͒ , J ͑y͔͒ showing the gauge invariances of the model.
